Purpose Previous studies identified follicle-stimulating hormone receptor (FSHR) and luteinizing hormone/ choriogonadotropin receptor (LHCGR) genes as polycystic ovary syndrome (PCOS) susceptibility loci, which was dependent on the racial/ethnic background of studied population. We investigated the association of genetic variants in FSHR and LHCGR with PCOS in Bahraini Arab women. Methods A retrospective case-control study, involving 203 women with PCOS, and 211 age-and ethnically-matched control women. FSHR and LHCGR genotyping was done by allelic exclusion method (real-time PCR).
Introduction
Polycystic ovary syndrome (PCOS) is a common endocrine disorder affecting 4-12 % of women in their reproductive age [1, 2] , and is characterized by hyperandrogenemia, menstrual irregularities, and polycystic ovarian morphology [1, 3] . PCOS is associated with obesity, impaired glucose tolerance and insulin resistance, and increased risk of developing type 2 diabetes [1, 4] , and cardiovascular disease [2, 5] . PCOS is a complex disorder, and both environmental and genetic factors contribute to its pathogenesis. Familial aggregation and genome-wide association studies (GWAS) support the contribution of genetic factors to PCOS etiology [1, [6] [7] [8] . PCOS-susceptibility loci include follicle stimulating hormone receptor (FSHR), luteinizing hormone/choriogonadotropin receptor (LHCGR), THAD A, and DENND1A [6, 9, 10] . In addition, epigenetic modifications by environmental determinants of PCOS may alter the clinical presentation of PCOS [11] .
LH stimulates follicular development, steroidogenesis, and formation of the corpus luteum [10, 12] , and ovulation results from a surge in LH levels [13] . LH acts by binding its highaffinity receptor, LHCGR, which also serves as the receptor for human chorionic gonadotropin (hCG). LHCGR gene maps to chromosome 2p16.3, and several polymorphisms throughout the LHCGR gene were identified [10, 14] . On the other hand, binding of FSH to its high affinity receptor (FSHR) stimulates oogenesis, follicle development and gametogenesis, resulting in follicular maturation and proliferation of granulosa cells [12] . Altered FSHR function caused by a number of FSHR genetic variants induces arrest of follicle development, resulting in functional changes, such as primary amenorrhea, hypoplastic ovary, and high FSH serum levels. Altered FSH/LH ratio was linked with insulin resistance [15] , and with altered production of and responsiveness to sex hormones, in particular testosterone [16] .
Recent GWAS on Han Chinese [6] and European [10] population identified the 2p16.3 region (containing LHCGR and FSHR loci) to be associated with PCOS, with notable differences according to racial background. For example, the LHCGR rs13405728 variant, independently shown to be associated with PCOS in the Chinese [6, 17] , is not informative in European-derived population [18] [19] [20] . As such, the search of specific PCOS-predisposing loci is influenced by racial background, PCOS phenotype and diagnostic criteria, along with variable fertility of PCOS cases. This study evaluated the association of 5 FSHR and 6 LHCGR SNPs identified as PCOS susceptibility variants in European and non-European populations, with PCOS in Bahraini Arab women.
Subjects and methods
Subjects A total of 414 unrelated Bahraini Arab women with (n=203) and without (n=211) PCOS were recruited from the outpatient obstetrics/gynecology and adult endocrinology clinics in Manama, Bahrain. Control women comprised eumenorrheic university students and employees, or otherwise healthy volunteers. Their total testosterone levels were within the reference range (0.4-3.5 nmol/L), and were studied in the follicular phase of their menstrual cycle. PCOS diagnosis was based on the 2003 Rotterdam Criteria [21] , whereby PCOS diagnosis was confirmed when two of the three conditions were met: anovulation, hyperandrogenism, and the presence of polycystic ovary on ultrasound examination.
Exclusion criteria included androgen-producing tumors, 21-hydroxylase-deficiency, nonclassical adrenal hyperplasia, hyperprolactinemia, active thyroid disease, and Cushing's syndrome. Additional exclusion criteria for cases and controls included extremes of body mass index (BMI) (<18 kg/m 2 or >50 kg/m 2 ), recent/current illness, medications likely to affect carbohydrate metabolism or endocrine parameters for at least 3 months before entering the study. The latter included oral contraceptive, anti-hypertensive, lipid-lowering, and antiinflammatory agents. Demographic data and history of hypertension, diabetes, and hypercholesterolemia were recorded for all subjects. Study participants gave written informed consent prior to entering the study, which was approved by local research and ethics committees.
Biochemical analysis Peripheral venous blood samples were obtained at 7:00-9:00 am during the early follicular phase of the menstrual cycle (days 2 to 5), after an overnight (>12 h) fasting. FSH, LH, prolactin, total testosterone, progesterone, 17α-hydroxyprogesterone, and thyroid stimulating hormone (TSH) were determined using immunofluorometric assay or radioimmunoassay (coefficients of variation (CV) <5 % for all tests). Free testosterone (FT) and bioactive testosterone (BT) were calculated using online calculator (http://www. issam.ch/freetesto.htm), while free androgen index (FAI) was calculated as per: FAI = 100 × [total testosterone ÷ SHBG] [22] . Glucose was measured by the hexokinase method, and insulin was measured by ELISA according to instructions of the manufacturer (R&D Systems). Indices of insulin resistance included homeostasis model assessment of insulin resistance (HOMA-IR; calculated as per: [fasting glucose (mmol/l)/fasting insulin (μIU/ml)]/22.5) and the revised QUICKI, the latter used since cases and controls spanned several BMI categories. SNP genotyping Total genomic DNA was extracted from peripheral blood leukocytes using Illustra blood genomicPrep Mini-Spin kit (GE Healthcare; Buckinghamshire, UK). We selected FSHR (rs46166, rs1007541, rs11692782, rs2055571, and rs1394205) and LHCGR (rs2293275, rs4073366, rs7371084, rs4597581, rs4953616, and rs13405728) SNPs in view of their frequency in Caucasians, and their reported association with PCOS. The FSHR and LHCGR SNPs were genotyped by the allelic discrimination method on StepOne Plus real-time PCR system (Applied Biosystems; Foster City, CA); using commercially available primers obtained from the Assay-on-demand system with well-defined genotype clusters. Genotype frequencies of the five tested FSHR and six LHCGR SNPs were consistent with Hardy-Weinberg equilibrium (Table 2) , and the minor allele frequencies (MAF) obtained were comparable to those in the HapMap CEU sample.
Statistical analysis Statistical analysis was performed on SPSS v. 20.0 (SPSS Inc., Chicago, IL). Data were expressed as percentages of total (categorical variables), or mean±SD (continuous variables). Student's t-test was used to determine differences in means, and Pearson χ 2 test was used to assess inter-group significance. For continuous variables that did not follow a normal distribution, we used nonparametric analysis: Mann-Whitney U-test for two group comparisons, or Kruskal-Wallis test for multiple group comparisons; quantitative data described as medians and range values. Genotypes were tested for departures from Hardy-Weinberg equilibrium (HWE) in the control population using Haploview 4.2 (http:// www.broadinstitute.org/haploview) [23] . All analyses were conducted assuming additive genetic model. We used CaTS power calculator (www.sph.umich.edu/csg/abecasis/cats) to calculate the power to detect an association between FSHR and LHCGR variants and PCOS in the studied cohort [24] . The parameters used were 203 cases and 211 control women, genotypic relative risk for heterozygote (1/2) and minor allele homozygous (2/2), and MAF for PCOS cases and controls, assuming 6 % PCOS prevalence (www.rightdiagnosis.com/p/ pcos/stats-country.htm). Assuming these parameters, we had 73.0 % power to detect an effect at P<0.01 for LHCGR SNPs, and 71.9 % for FSHR SNPs. Pairwise linkage disequilibrium (LD) values were calculated with Haploview 4.2, which also computed the frequency of common haplotypes (frequency ≥2 %). Logistic regression analysis was performed to determine the adjusted odds ratios (OR) and 95 % confidence intervals (95%CI) associated with the risk of PCOS, after controlling for a number of covariates, taking control women as the reference group. Null hypothesis was rejected at P<0.05.
Results

Study subjects
The clinical and biochemical characteristics of study subjects are reported in Table 1 . While age and waist-hip ratio at examination, menarche, along with fasting glucose, serum lipid profile, total testosterone, FSH and LH serum levels were comparable between PCOS cases and control women, significant differences between were noted in mean BMI (P<0.001), FT (P=0.009) and BT (P=0.004) and FAI (P=0.015), as well as fasting insulin (P<0.001) and insulin resistance indices (HOMA-IR, QUICKI). Accordingly, the latter were the covariates that were controlled for in subsequent analysis. Table 3 . Genotypes were coded as B1^or B2^according to major or minor allele, respectively. Setting homozygous major allele genotype (1/1) as reference after controlling for BMI, TSH, FT, BT, FAI, SHBG, and fasting insulin (OR=1.00), significantly lower frequencies of heterozygous (1/2) LHCGR Table 4 demonstrated association of FSHR rs11692782 with PCOS irrespective of BMI status. On the other hand, the association of LHCGR rs7371084 with PCOS was seen in non-obese (P=0.002) but not obese (P=0.695) subjects, while the association of LHCGR rs4953616 with PCOS disappeared when subjects were stratified into non-obese and obese subjects.
Correlation studies We evaluated the association of FSHR rs11692782, and LHCGR rs7371084 and rs4953616 with the phenotypic features of women with PCOS. LHCGR rs7371084 was positively associated with BMI, and negatively associated with BT and FAI, while LHCGR rs4953616 was positively associated with menarche, and negatively with total cholesterol and testosterone, and BT (Table 5 ). On the other hand, FSHR rs11692782 was not associated with any of the examined features (Table 5) .
Haplotype analysis Haploview analysis demonstrated limited linkage disequilibrium (LD) among the LHCGR and FSHR SNPs (Fig. 1) . Two blocks were constructed: the first spanning 61 kb (Block 1) contained the six tested LHCGR SNPs, and the second spanning 298 kb (Block 2) contained the five tested FSHR SNPs. Within Block 1, the majority of 6-locus haplotype diversity (frequencies ≥0.04) was captured by 8 of the possible 64 haplotypes. Higher frequency of haplotype GTCAAG was seen in women with PCOS compared to controls (P=0.026), thus assigning a susceptibility nature to it ( Table 6 ). The frequencies of the remaining LHCGR haplotypes in Block 1, and all FSHR haplotypes contained in Block 2 were similar between cases and controls (Table 6 ). 
Discussion
We analyzed the association of PCOS with 11 SNPs from LHCGR and FSHR previously tested for their association with PCOS in European [18] [19] [20] 25] , and non-European [17, [26] [27] [28] [29] populations. This case-control sample included 203 women with PCOS and 211 age-and ethnically-matched (Bahraini Arab) control women. PCOS was diagnosed according to the 2003 Rotterdam criteria [21] , and confirmed by clinical, biochemical, and radiological assessment. Recent GWAS studies on Han Chinese [6, 28] and women of European ancestry [10] identified FSHR as PCOS susceptibility locus. FSHR gene variants were linked with and PCOS according to some [27, 28] , but not all [19, 25, 30] , studies. This was largely due to the ethnic/racial background of studied participant, supported by the association of rs2268361 with PCOS in Chinese [28] , but not Dutch [19] PCOS cases, and by the association of rs6166 with PCOS in Chinese [27] , but not Dutch [19] , UK [31] , or Turkish [30] women. Of the five tested FSHR SNPs, rs11692782 was negatively associated with PCOS, but at the genotype not at the allele level. While not addressed here, this may be attributed to the limited number of cases and/or control subjects.
Among the LHCGR tested variants, rs7371084 was negatively associated, while rs4953616 was positively associated with PCOS. These remained significant after applying Bonferroni's correction, indicating that it was not a spurious finding. Previous studies that evaluated the association of LHCGR variants with PCOS focused on rs13405728, but with conflicting outcomes, and a racial influence was evident. In our study, rs13405728 was not associated with PCOS among Bahraini Arab subjects, which was in agreement with recent studies on Dutch [19] , and USA women of European ancestry [18, 20] , but in sharp contrast to two independent Chinese studies, which confirmed its strong association with PCOS in Chinese [6] and in Han Chinese [17] subjects. In addition to rs13405728, rs2293275 was not associated with PCOS among Bahraini Arab (this study) and Dutch [25] subjects, with comparable case:control MAF recorded for Bahraini Arab (0.34:0.34) and Dutch (0.40:0.42) cases and controls.
While BMI was higher in women with PCOS compared to control women, WHR and hence visceral adiposity was similar between both groups. An influence of obesity on the association of FSHR and LHCGR variants with PCOS was noted, highlighted by the association of LHCGR rs7371084, and to a lesser extent rs4953616, with PCOS in non-obese subjects. This was in contrast to the association of FSHR rs11692782 with PCOS, which was not affected by obesity. The latter was in agreement with Chinese [29] and Greek [32] studies, which documented lack of contribution of obesity to the association of FSHR Ala307Thr (rs6165) and Ser680Asn (rs6166) variants with PCOS. This may suggest no direct contribution of LHCGR variants to PCOS susceptibility, as the presence of obesity-related metabolic genetic and non-genetic factors becomes required for the influence of LHCGR polymorphisms to be more pronounced.
We evaluated the correlation between FSHR rs11692782, and LHCGR rs7371084 and rs4953616 variants and the severity of the phenotypic features of PCOS. The significant associations were seen for both LHCGR polymorphisms, more so than FSHR rs11692782, which was associated with a marginal and not significant reduction in FSH levels (P=0.276). Since FSH levels in women with PCOS are usually within reference values [33] , this questions the contribution of altered FSH sensitivity to PCOS. This was supported by the finding that rs6166 (Ser680Asn), linked with higher basal FSH levels here (P= 0.040) and elsewhere [33, 34] was not associated with PCOS or associated features in Bahraini Arabs. This was in contrast to LHCGR rs7371084 and rs4953616 variants, which apparently modulate the phenotype of women with PCOS predominantly at the level of hyperandrogenism (markedly higher testosterone, BT, and FAI). However, the contribution of these and related variants to the phenotype of PCOS may be marginal, and hence may require the association of other genetic variants for the phenotypic changes to be more pronounced [35] .
We analyzed the linkage disequilibrium pattern between FSHR and LHCGR SNPs, since the interaction of variants within a haplotype is more informative than single variants in determining disease susceptibility, including PCOS. Hapolview analysis demonstrated moderate-weak LD among the studied LHCGR and FSHR SNPs, with notable heterogeneity in the haplotypes obtained, evidenced by the concentration of most of the 6-locus LHCGR haplotypes in 8 out of the possible 64 haplotypes, the frequencies of which exceeding the >4 % threshold. Apart from LHCGR GTCAAG haplotype, which was enriched in women with PCOS, thus assigning a susceptibility nature to it, no other LHCGR or FSHR haplotypes (Block 1 and Block 2) were identified. Given the multi-factorial nature of PCOS, it is possible that additional genetic factors, including other LHCGR/ FSHR SNPs, copy number variants, altered upstream promoter methylation, and regulatory factors in LHCGR/FSHR and nearby and distant genes, may all influence PCOS risk.
Our study demonstrated the association of FSHR rs11692782, and LHCGR rs7371084 and rs4953616 with PCOS. Our study has several strengths. It was adequately powered, that cases and controls were ethnically matched (only Bahraini Arabs were included), and potential covariates were controlled for in single SNP and haplotype analysis. The present study is limited by the study design (retrospective case-control study), and in the selection criteria for control women. Considering that affecting 4-12 % of otherwise healthy women will develop PCOS [1, 2] , it is likely that results obtained may in fact underestimate the real difference between cases and controls. Follow up studies on additional FSHR and LHCGR variants, and populations of related and distant ethnic origin are needed to confirm the association of FSHR and LHCGR variants with increased risk of PCOS.
